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Bethesda, Maryland 
More than 300 epicardial Doppler color flow mapping 
studies on 23 different types of clinical and preclinical 
valves were performed after implantation in the mitral 
position in sheep. The transducers were placed directly on 
the heart to obtain the greatest possible resolution. Studies 
were performed in each animal under different hemody- 
namic conditions by varying heart rate and cardiac output. 
Eighty-six valves were studied late (20 to 52 weeks), 
whereas the remainder were studied early (0 to 10 days) 
after operation. The valves included 3 types of ball and cage 
valves, 3 types of disc and cage valves, 7 types of tilting disc 
valves, 1 type of bileaflet hemidisc mechanical valve, 13 
types of porcine aortic valves and 5 types of bovine peri- 
cardial valves. The results of these studies were compared 
with those obtained in 40 studies of 20 native mitral valves. 
Doppler color velocity/flow profiles were imaged in real 
time with simultaneous electrocardiographic gating; the 
aortic flow was also displayed for the timing of velocity/flow 
events. 
Native normal mitral valves had no in-orifice flow 
disturbances and laminar low velocity/flow directed toward 
the left ventricular apex. Ball and cage and disc and cage 
valves had high velocity peripheral jets and vortices of 
velocity/flow reversals distal to the occluders. Tilting disc 
valves had differing velocity/flow patterns determined by 
their orientation in the mitral anulus. Bileaflet hemidisc 
valves had three jets, which decayed 1.5 cm downstream. 
Porcine aortic and bovine pericardial bioprosthetic valves 
bad high velocity, turbulent, nonaxisymmetric jets (more 
severe for the latter). 
These observations are similar and complementary to 
those obtained by in vitro flow visualization techniques and 
those obtained by laser Doppler anemometry. As such, 
they provide an important interface between the in vitro 
assessment of prosthetic valve function and the clinical 
utility of Doppler color velocity flow imaging technology. 
(J Am Co11 Cardiol1989;13:234-40) 
Until the advent of color-encoded, two-dimensional Doppler 
flow mapping techniques, real time flow visualization was 
limited to in vitro techniques or the less than adequate 
cineangioventriculography. Over the course of the past 4 
years, our laboratory has evaluated Doppler color flow 
mapping in a number of normal and abnormal cardiac 
physiologic situations, including ventricular septal defect, 
atria1 septal defect, aortic regurgitation, mitral regurgitation 
and prosthetic cardiac valves. The purpose of this report is 
to present both a review of our observations regarding 
diastolic events in the normal left ventricle, and our obser- 
vations on the generic types of prosthetic cardiac valves 
under normally functioning conditions. These studies should 
I) provide a basis for comparisons of the characteristics of 
From the Surgery Branch, National Heart, Lung, and Blood Institute. 
National Institutes of Health, Bethesda, Maryland. 
Manuscript received February 1, 1988; revised manuscript received 
March 30, 1988, accepted April 18, 1988. 
Address for reorints: Michael Jones, MD, Room 2N244, Building 10. 
National Institutes of Health, Bethesda, Maryland 20892. 
prosthetic valves and the normal native mitral valve and the 
clinical utility of Doppler color velocity flow imaging tech- 
nology, 2) provide a basis for evaluating malfunctioning 
prosthetic valves, and 3) provide and interface between in 
vitro investigations of and the clinical problems associated 
with prosthetic valves. 
Methods 
Prosthetic valves. The studies were performed on sheep 
ranging in age from 15 to 52 weeks and weighing from 20 to 
60 kg. The mitral valve replacements were performed with 
standard cardiopulmonary bypass techniques. All valves 
studied were the manufacturers’ recommended sizes of 25, 
27 or 28 mm, which represent clinically the valve sizes most 
commonly implanted in the mitral and aortic positions in 
human patients. More than 150 Doppler color (Aloka SSD- 
880 system) studies were performed on 28 different types of 
prosthetic valves implanted in the mitral position. Seventy- 
six studies were performed late (20 to 52 weeks) and the 
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remainder were performed early (0 to 10 days) after opera- 
tion. 
Study protocol. For best resolution, our study protocol 
included imaging with the transducer placed directly on the 
heart (that is. epicardial rather than transthoracic studies). 
Studies were performed in real time and with simultaneous 
electrocardiographic (ECG) gating. An electromagnetic flow 
probe was placed on the ascending aorta. The signals from 
the electromagnetic flow probe and the ECG were displayed 
on the video monitor for timing of events during the cardiac 
cycle. 
Doppler echocardiography. Four orthogonal planes were 
imaged; they corresponded clinically to the apical four 
chamber, apical long-axis parasternal short-axis and para- 
sternal long-axis views, respectively. In addition to the 
two-dimensional and Doppler imaging formats, we have also 
found the M-mode Doppler echocardiogram (the so-called 
M/Q mode) informative, especially in terms of timing flows 
within various regions of the heart (Fig. 1). Two-dimensional 
and Doppler imaging studies were performed at 10 ms 
intervals throughout ventricular systole and diastole. Be- 
cause the autocorrelator in the Aloka SSD-880 system per- 
mits processing times of I to 2 ms, gating at IO to 20 ms 
intervals provides “real time” information about events 
during the various phases of the cardiac cycle. Two trans- 
ducer carrier frequencies (2.5 and 5 MHz) and three pulsed 
repetition frequencies (4, 6 and 8 kHz) were used for a total 
of five maximal resolvable frequencies without aliasing from 
31 to I31 cm/s (overall range 6 to 121). In general. we found 
that the 5 MHz carrier frequency with a pulsed repetition 
frequency of 8 kHz was most suitable with respect to the 
compromise between resolution and aliasing. However, for 
lower velocities. better spatial resolution was obtained with 
the 4 kHz pulsed repetition frequency, particularly during 
early and late diastole. Regions of suspected abnormal 
velocity reversala were documented to be reversed flow 
(rather than aliased forward flow) and quantified with regard 
to magnitude and timing by placement of the M-mode cursor 
and a single pulsed Doppler sample volume (that is, the M/Q 
and spectral display mode or the continuous wave Doppler 
sample volume within the area of interest) (Fig. I). 
For qurudfication of‘thr \‘elocities in the jets, the dimed 
regions ohservecl ,tith Doppler color ,flm, mapping assisted 
in 1) placement of the sample volumes when utilizing the 
pulsed mode or in increasing the pulsed repetition frequency 
appropriately. or both; or 2) placement of the cursor line 
when utilizing the continuous mode. Quantitative maximal 
and mean velocities of the forward flow jets through the 
valves and of the flow reversals were determined from strip 
chart records with use of a dedicated computer program. 
Hemodynamic studies. Conventional simultaneous or 
concomitant hemodynamic studies were also performed. 
Most of these studies were performed on each animal in 
three hemodynamic states produced by blocking the sinus 
Figure 1. M-mode Doppler echocardiographic flow (M/Q) and spec- 
tral display modes with the transducer on the left ventricular apex 
(apical four chamber view). A, Normal native mitral flow pattern. 
The arrow at the left indicates aortic closing volume velocity within 
the left ventricle and the arrow at the lower center indicates mitral 
valve closing volume. B, Velocity/flow pattern obtained from a 
calcified stenotic porcine aortic valve in the mitral position. The 
heavy white oscillating line at the bottom represents motion of the 
calcified valve. Flow (area between the arrows) is delayed after 
aortic valve closure and exhibits aliasing and turbulence (blue-green 
color region). C, M/Q display used for determining region of sample 
volume (arrow) for spectral display below used for quantification. 
A0 = aortic flow trace. 
node or by infusion of norepinephrine or isoproterenol or 
both, so that the valves could be investigated under a range 
of hemodynamic conditions. Heart rate was varied between 
60 and 120 beatsimin, and cardiac output was varied between 
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Table 1. Flow Characteristics of Various Types of Prosthetic Mitral Valves 
Generic Type of 
Valve Type of Flow Field 
Maximal 
Velocities 
(cm/s) Flow Characteristics 
Normal native 
Mechanical prosthetic 
Ball and cage 












100 to I50 
100 to 150 
100 to I50 
80 to 120 
Circumferential jet 
Circumferential jet 
Two jets; velocity fields 
dependent on orientation 
(see text and figures) 
Three jets; rapid dispersion 1 
to 1.5 cm downstream 
Central nonaxisymmetric 
Central + axisymmetric 
150 to 200 
I50 to 200 
Single jet, often toward 
septum 
Single jet, usually toward 
apex 
60 and 100 mllmin per kg, which is within the normal range 
for the animals and comparable with those hemodynamic 
values occurring in normal human subjects at rest and in 
normally active and hyperactive hemodynamic conditions. 
Terminology 
Doppler color flow mapping. Several terms that are used 
to describe the velocity profiles of Doppler color flow 
mapping studies need clarification. The words “acceler- 
ation” and “deceleration” are used in the conventional 
sense. “Displacement flow” refers to the movement of 
blood, already within the ventricle, that is displaced by 
relaxation of the left ventricle and by movement of the mitral 
valve or the front of blood, or both. A “jet” is a high velocity 
acceleration of flow, like that of a fluid being discharged from 
a nozzle. “Turbulence” is used in the general sense-the red 
blood cells are moving at different velocities and in different 
directions. For the purposes of Doppler color flow mapping 
studies, “turbulence” is synonymous with the jargon word 
“variance,” which is different from true statistical “vari- 
ance. ” “Boundary layer separation” occurs at the periphery 
of a flow field or jet, where red blood cells separate and 
“peel off’ from the flow field or jet, changing velocity or 
direction, or both. In these regions, “vortex shedding” 
usually occurs, which is the slipstream (region of reduced 
pressure/suction) where back flow and recirculating whirl- 
pool-like flow occur. 
To various degrees, all mechanical valve occluders are 
obstructing bodies in the center of the valve’s flow field. 
Therefore, they produce “vortex eddies” and “wakes” 
(chaotic flow and reversal/suction effects) when the blood 
flows past them, like the turbulence and flow reversals that 
occur when water flows past the piling of a pier. In these 
regions, “stagnation” is also present; adjacent blood gets 
entrained and entrapped in the areas of very low or reversed 
velocities and flows. Similarly, in Doppler color flow map- 
ping studies, “laminar” does not mean hydrodynamically 
laminar flow. Instead, the flow region appears uniform in 
color and without aliasing; all red blood cells are moving in 
the same direction and at nearly the same velocity. 
Prosthetic cardiac valves (Table 1). In this report, pros- 
thetic cardiac valves are categorized according to their 
generic design. The generic designs included ball and cage, 
disc and cage, tilting disc, bileaflet mechanical valves and 
porcine trileaflet aortic and bovine trileaflet pericardial 
valves. The types of ball and cage valves studied included 
Starr-Edwards, Braunwald-Cutter and Smeloff-Sutter 
valves. The types of disc and cage valves studied included 
the Beall, Kay-Shiley and Starr-Edwards valves. The types 
of tilting disc valves studied included BjGrk-Shiley spherical, 
BjGrk-Shiley monostrut, Medtronic-Hall, Omniscience, Om- 
nicarbon, Lillehei-Kaster and Ultracor. The type of bileaflet 
valve studied was the St. Jude Medical. Porcine aortic 
valves studied included Carpentier-Edwards standard, Car- 
pentier-Edwards supraannular, four types of Carpentier- 
Edwards preclinical valves, Hancock standard, Hancock II, 
Liotta, BioImplant, Xenotech and Intact. The types of 
bovine pericardial valves studied included Ionescu-Shiley, 
Carpentier-Edwards, Hancock, Mitroflow and Sorin. 
Results 
Normal native mitral valve (20 valves) (Fig. lA, 2A and 
3A). At the onset of aortic valve closure, its closing volume 
was visualized, occupying the left ventricular outflow tract 
for a distance of 1 to 2 cm below the aortic valve and having 
velocities of 20 to 40 cm/s, lasting no more than 10 to 20 ms. 
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These velocities were best imaged spatially using the lower 
pulsed repetition frequencies. During isovolumic left ven- 
tricular relaxation, the mitral valve apparatus moved for- 
ward toward the apex for a duration of approximately 10 ms 
without the leaflets opening, but producing a low (10 to 30 
m/s) velocity displacement front of incoming blood toward 
Figure 2. Representative Doppler color-encoded velocity profiles 
obtained in mid-diastole. Orientation: apex at the top, left atrium at 
the bottom right, ascending aorta at the bottom left. A, Norma1 native 
mitral valve; B, ball and cage valve; C, disc and cage valve; D, tilting 
disc valve with the major orifice to the septum; E, tilting disc valve 
with the major orifice to the free wall; F, bileaflet valve; G, porcine 
aortic valve: H, bovine pericardial valve. See text for descriptions. 
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Figure 3. Same orientation as in Figure 2. Schematic depictions of 
the velocity patterns observed in mid-diastole. A, Normal native 
mitral valve; B, ball and cage valve; C, disc and cage valve; D, tilting 
disc valve with major orifice to the septum; E, tilting disc valve with 
the major orifice to the free wall; F, bileaflet hemidisc valve; G, 
porcine aortic valve; H, bovine pericardial valve. See text for 
descriptions. 
the left ventricular apex. Within another 10 to 20 ms, at the 
onset of passive ventricular filling, the valve leaflets began to 
open, and the blood velocity accelerated and became mildly 
turbulent. A small region of vortex shedding with flow 
reversal appeared behind the anterior mitral valve leaflet in 
the left ventricular outflow tract. By mid-diastole, the leaf- 
lets were open wide, and a broad, laminar, low velocity (not 
exceeding 60 cm/s) profile of blood extended from the left 
atrium to the left ventricular apex. Flow occupied 100% of 
the anatomic, cross-sectional mitral orifice area. Later in 
diastole, blood displaced from the left ventricular apex 
appeared as regions of flow reversal along the left ventricular 
free wall and septum, producing partial closure of the mitral 
valve leaflets. 
After atria1 systole, left ventricular inflow again acceler- 
ated, with the velocities usually exceeding 60 cm/s, and the 
mitral valve leaflets again opened, although not so far as 
during passive ventricular filling. In late diastole, flow rever- 
sals reappeared as a result of displacement of blood from the 
left ventricular body and apex, causing near closure of the 
mitral valve leaflets before the onset of left ventricular 
mechanical systole. Because of this event, with the onset of 
left ventricular systole, the mitral valve closed with a mini- 
mal closing volume, having a duration of no more than 10 to 
20 ms. During isovolumic ventricular systole, at the time of 
papillary muscle contraction, the mitral valve leaflets ap- 
peared to shudder with the appearance of turbulent veloci- 
ties adjacent to them. 
Ball and cage mechanical valves (seven valves) (Fig. 2B and 
3B). Early in diastole, there was displacement of intraven- 
tricular blood by the forward motion of the ball occluder. 
The Doppler color studies of ball and cage valves demon- 
strated high velocity (100 to 150 cm/s), peripheral, turbulent 
circumferential jets. The widths of the jets adjacent to the 
left ventricular outflow tract appeared larger than the widths 
of jets adjacent to the left ventricular free wall because there 
is less clearance between the ball and the ventricle in the 
latter region. Turbulence, displayed as mosaic blue-green- 
yellow, was detected along the edges of the forward flow 
jets. The high velocity jets around the ball caused wake 
regions of flow reversal and vortex eddies immediately distal 
to the cages during mid- and late diastole. The regions of 
flow reversal had velocities of -20 to -30 cm/s. Near the 
end of diastole, flow velocities were low, but markedly 
disordered. Thus, the flow never became laminar before 
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reaching the left ventricular apex 4 to 5 cm from the valve 
sewing ring. 
Disc and cage mechanical valves (four valves) (Fig. 2C and 
3C). The disc and cage valves had high velocity, turbulent 
jets adjacent to the cage and occluder similar to those 
observed with the ball and cage valves. However, the disc 
and cage valves had more narrow and more turbulent jets 
than did the ball and cage valves. The jets decayed, such that 
the flows became more nearly laminar and had low velocities 
approximately 2 cm distal to the valve housing. The portions 
of the peripheral circumferential jets adjacent to the valve 
housing were small, demonstrating flow widths of no more 
than 5 mm. A large region of vortex eddy formation pro- 
duced flow reversals, with velocities as much as -50 cm/s. 
These regions had diameters approaching 2 cm distal to the 
occluder and extended as far as 2 cm toward the left 
ventricular apex. Additionally, there were small areas of 
stagnation with no detectable velocities immediately distal to 
the disc. 
Tilting disc mechanical valves (42 valves) (Fig. 2D, 2E, 3D 
and 3E). These valves characteristically had two high ve- 
locity jets, with maximal velocities of 100 to I50 cm/s in both 
their major and minor orifices. The jets through the minor 
orifice were delayed compared with the jets through the 
major orifice. These jets decelerated, and flow became 
laminar and nonturbulent during mid-diastole. such that 
velocities were 5.60 cm/s. Vortex sheddings from the jet 
boundary layers were visualized as velocity reversals in the 
left ventricular outflow tract. Vortex eddies, producing flow 
reversals with velocities of -20 to -30 cm/s, occurred just 
distal to the disc. However, these areas of flow reversal were 
smaller than those occurring with the ball and cage valves. 
Conpvison~ ~‘cre Inude of’ ~wlvr orierltrrtion: the major 
orifice was oriented toward the septum, left ventricular 
outflow tract or left ventricular free wall. Greater intraven- 
tricular turbulence occurred with the septal than with the 
free wall orientation. Large areas of velocity reversal. rang- 
ing from -25 to -50 cm/s, directed against the minor 
orifice’s outflow occurred along the left ventricular free wall 
in mid- and late diastole. In contrast. valves with their major 
orifice oriented toward the left ventricular free wall had 
velocity profiles that became laminar and directed to the left 
ventricular apex. I to 2 cm distal to the disc. Velocities in 
these areas measured 50 to 80 cm/s in mid- and late diastole. 
Bileaflet hemidisc mechanical valves (five valves) (Fig. 2F 
and 3F). Doppler color flow mapping studies of hemidisc 
bileaflet valves showed three jets. Very early in diastole, 
movement of the disc occluders displaced intraventricular 
blood toward the apex. and was visualized as low velocity 
(<25 cm/s), red-orange, color flow fields. The jets from the 
lateral two orifices appeared larger than that through the 
central orifice: the former jets measured between 80 and I20 
cm/s. These valves were placed in the “anatomic” position 
(that is, with the discs parallel to the original anterior and 
posterior mitral leaflets). In this position, the two jets from 
the lateral orifices were directed toward the left ventricular 
septum and free wall. The jet from the minor orifice was 
delayed by 20 to 30 ms. These jets decayed, producing 
laminar velocity flow fields between I and I.5 cm down- 
stream during early and mid-diastole. Color spectrum vari- 
ance, indicating turbulence, was present only in the region of 
in-orifice flow. 
Porcine aortic hioprosthetic valves (86 studies) (Fig. 2G and 
3G). Very early in diastole during isovolumic ventricular 
relaxation, there was displacement of intraventricular blood 
towards the left ventricular apex before left atrial blood had 
actually begun to pass through the valve (that is, the valve 
leaflets were still in the coapted position). Like native valves 
and bovine pericardial valves. these types of valves had 
central flow. However, flow areas (as visualized by the 
Doppler-determined velocity profiles) occupied only 50 to 
7575 of the cross-sectional orifice inflow areas. Because they 
were more intrinsically stenotic (mean gradients of 5 to 10 
mm Hg) compared with native and mechanical valves, they 
exhibited higher velocity. turbulent jets, which were nonax- 
isymmetric because of asynchronous opening of the leaflets. 
Peak velocities were in the range of I50 to 200 cm/s. The jets, 
as demonstrated by aliased central blue flow fields. persisted 
at 2 to 3 cm or more downstream, often without becoming 
laminar before reaching the left ventricular apex. Vortex 
shedding with flow reversal was usually seen in the left 
ventricular outflow tract during early diastole. During mid- 
and late diastole, displacement produced regions of flou 
reversal in the left ventricular outflow tract and along the left 
ventricular free wall. During ventricular systole. flow sepa- 
ration and stagnation were present within the sinuses of the 
valve. 
Bovine pericardial bioprosthetic valves (20 studies) (Fig. 
2H and 3H). The trileaflet bovine pericardial bioprosthetic 
valves velocity/flow profiles more closely resembled those of 
the native mitral valves than did the other types of prosthe- 
sis. During early diastole, there was displacement of blood 
within the left ventricle by the opening valve leaflets, as 
indicated by a low velocity (<30 cm/s) red-orange, color flow 
fields. Small areas of vortex shedding producing flow rever- 
sals just distal to the tips of the valve cusps were present 
during early valve opening. The studies of the bovine peri- 
cardial valves showed broad central flow fields; however. 
substantially < 100% of the cross-sectional orifice inflow area 
was utilized for flow. The velocity profiles usually were 
eccentric (nonaxisymmetric with regard to the valve‘s inflow 
orifice) during early diastole because of asynchronous open- 
ing of the three leaflets. The bovine valves had maximal 
velocities in the range of 150 to 200 cm/s. There was 
in-orifice turbulence. as indicated by the aliased blue color, 
which by mid-diastole decayed I to 2 cm downstream so that 
the velocity profiles became laminar with uniform red- 
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orange colors (velocities ~60 cm/s) as the flow fields ap- 
proached the left ventricular apex. 
After atria1 systole, the velocity field again accelerated, as 
indicated by the central aliased blue in the orifice and distal 
portion of the jet. By mid-diastole and during late diastole, 
there was displacement of blood from the left ventricular 
apex as flow reversal (appearance of blue color) into the left 
ventricular outflow tract; these velocities were in the range 
of 20 to 30 cm/s. During ventricular systole, flow separation 
and stagnation appeared within the sinuses of the leaflets. 
The bovine pericardial valves had more nearly normal 
velocity profiles, except that the velocities were increased 
with more left ventricular aliasing as a result of the intrinsic 
stenotic nature (mean gradients of 4 to 8 cm Hg) of these 
valves compared with normal native valves. 
Discussion 
Normal mitral valve flow studies. Epicardial Doppler 
color flow mapping studies of the normal native mitral valve 
have added substantially to our understanding of velocity/ 
flow events occurring during left ventricular diastole. These 
in vivo experimental results compare with and expand on 
those made by Reul et al. (1) using an in vitro pulse 
duplicator system. These studies also provide a basis for 
comparisons of the velocity/flow fields of prosthetic valves 
and the pathophysiology associated with normally function- 
ing and malfunctioning prosthetic valves. 
Prosthetic mitral valve flow characteristics (Table 1). The 
characteristic flow fields of the prosthetic valves studied may 
be described as: 1) valves with peripheral flow (ball and 
cage); 2) valves with central but eccentric flow (tilting disc 
and many types of porcine aortic and bovine pericardial 
valves); and 3) valves with central flow (porcine aortic and 
bovine pericardial bioprosthetic and bileaflet mechanical 
valves). The velocity and turbulence flow profiles obtained 
in vivo with the two-dimensional, color-encoded Doppler 
studies are comparable with those obtained in vitro with 
laser Doppler anemometry (2,3). 
The two types of techniques in two different experimental 
settings validate the concept that prosthetic cardiac valves 
should be investigated on the basis of hydrodynamic princi- 
ples in addition to standard pressure and flow measure- 
ments. Only by these means can we better understand the 
genesis of the clinical problems associated with normally 
functioning prosthetic valves, as well as those associated 
with malfunctioning ones. Additionally, these types of ob- 
servations provide implications regarding improvements in 
prosthetic valve design. Thus, epicardial in vivo experimen- 
tal Doppler color flow studies provide an important interface 
between the in vitro assessment of prosthetic valves and the 
clinical utility of Doppler color velocity flow mapping imag- 
ing technology. 
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